Abstract The transcription factor CCAAT enhancer binding protein alpha (CEBPA) is crucial for normal development of granulocytes. Various mechanisms have been identified how CEBPA function is dysregulated in patients with acute myeloid leukemia (AML). In particular, dominant-negative mutations located either at the N-or the C terminus of the CEBPA gene are observed in roughly 10% of AML patients, either in the combination on separate alleles or as sole mutation. Clinically significant complexity exists among AML with CEBPA mutations, and patients with double CEBPA mutations seem to have a more favorable course of the disease than patients with a single mutation. In addition, myeloid precursor cells of healthy carriers with a single germ-line CEBPA mutation evolve to overt AML by acquiring a second sporadic CEBPA mutation. This review summarizes recent reports on dysregulation of CEBPA function at various levels in human AML and therapeutic concepts targeting correction of CEBPA activity. The currently available data are persuasive evidence that impaired CEBPA function contributes directly to the development of AML, whereas restoring CEBPA function represents a promising target for novel therapeutic strategies in AML. (Clin Cancer Res 2009;15 (17):5303-7)
Background
The hallmark of acute myeloid leukemia (AML) is the accumulation of myeloid precursor cells in the bone marrow. Characteristically, the malignant cells display a block in their normal differentiation process at a particular stage. Remarkably, however, research on the pathogenesis of AML has traditionally focused on the analysis of oncogenes or tumor suppressor genes to clarify the deregulated proliferation and cell death features of AML cells. Although the ultimate relationship between altered proliferation and differentiation in AML remains to be elucidated, a current concept indicates that deregulation of some transcription factors critically affects both differentiation and cell cycle as being involved in AML. This review intends to highlight recent reports on dysregulation of the differentiation factor CEBPA at various levels in human AML.
The CCAAT enhancer binding protein alpha (CEBPA) is a member of the basic region leucine zipper family of transcription factors (1) (2) (3) . It is composed of two transactivation domains in the N-terminal part, and a leucine zipper region mediating dimerization with other CEBP family members and a DNAbinding domain in the C-terminal part. As a condition for DNA binding, dimerization depends on the basic amino acid residues, and genomic alterations in the exact distance between basic region and leucine zipper impair DNA binding. Two inframe start codons give rise to two CEBPA isoforms: The p30 protein is initiated at an AUG codon further downstream and thus lacks the amino terminal sequences, whereas the C terminus is identical to the full-length p42 protein (4) (5) (6) . As a consequence, the p30 isoform lacks domains mediating the contact with the transcriptional apparatus, whereas other functions such as dimerization or regions involved in protein-protein interactions are preserved in both p30 and p42 proteins.
CEBPA is an intronless gene located at chromosome 19q13.1 (2, 3) . It was originally isolated as a rat liver transcription factor regulating hepatic and adipocyte genes (7) (8) (9) . Studies in adipocyte lines have founded the role of CEBPA as an inhibitor of cell proliferation and as a tumor suppressor.
In hematopoiesis, the interest in CEBPA is based on its crucial role during the development of granulocytes and on its deregulation associated with myeloid transformation (10) (11) (12) (13) (14) . Nonconditional targeted disruption of cebpa results in a selective block in early granulocyte maturation, and these mice die at birth because of severe hypoglycemia (15) . Conditional cebpa deficiency in adult mice blocks the transition from common myeloid progenitors (CMP) to granulocyte monocyte progenitors (GMP) resulting in the accumulation of myeloid blasts (16) . Moreover, knock-in mice with a targeted mutation in the cebpa basic region, which specifically inhibits the CEBPA-E2F interaction, predisposed mice to a myeloproliferative disorder (17) . Finally, mice carrying engineered cebpa alleles that specifically disrupt the 42-kDa wild-type protein while allowing expression of the dominant-negative 30-kDa form developed AML with complete penetrance (18) . These studies suggest that the tumor suppressor activity of CEBPA resides within the 42-kDa translational isoform, and that efficient transformation of the granulocyte lineage observed in the absence of p42 is due to p30-mediated bypassing of the CEBPA-dependent transition from the CMP stage to the GMP stage. In AML, specific loss of p42, therefore, bypasses the CEBPA-regulated coupling of lineage commitment and proliferation control during myeloid differentiation, leading to the formation of progenitors prone to undergo transformation and exerting deregulated proliferative capacity.
Clinical-Translational Advances
CEBPA mutations and expression levels. With regard to its key role for myeloid development, it was hypothesized that CEBPA function may be decreased or absent in leukemic cells of AML patients. In fact, a rapidly increasing literature suggests that CEBPA function is critically altered in subsets of AML patients at various levels.
First of all, a number of groups have reported genomic mutations in the CEBPA gene in between 5% and 14% of AML patients (6, (19) (20) (21) (22) (23) . Two types of mutations are predominantly observed ( Fig. 1) : N-terminal frame-shift mutations prematurely truncate the full-length p42 form while preserving the p30 form, with the latter inhibiting the remaining wild-type CEBPA p42 protein in a dominant-negative manner (6) . Second, C-terminal in-frame insertions or deletions disrupt the basic zipper region, thus critically affecting DNA binding (6) ; this is further illustrated by reports on the X-ray structure of the CEBPA protein-DNA interaction identifying the critical basic region residues (24) .
The characteristics of patients with CEBPA mutations involve myeloblastic subtypes (M1 or M2 according to the FrenchAmerican-British classification), and a normal karyotype. CEBPA mutations are not consistently associated with specific cytogenetic abnormalities or molecularly defined entities (20, 23 , with expression of CD7 being particularly noteworthy because this T-cell marker is usually negative in AML blasts (22) . Using microarray analyses, AML patients with nonsilent CEBPA mutations express a distinctive gene expression signature (25) (26) (27) (28) . Surprisingly, genes involved in erythroid differentiation, including GATA1, FOG1, EPOR, KLF1, GFI1B, and genes encoding erythrocyte membrane proteins and hemoglobin chains, were upregulated in AML patients with CEBPA mutations (28) . In contrast, genes involved in myeloid differentiation, such as RUNX1, PU.1, and ID1, were suppressed in such patients, as were members of the homeobox family (HOXA1-10, HOXB2-6, and MEIS1). Remarkably, genes involved in proliferation signaling pathways, such as FLT3, LYN, and members of the RAS family or their regulators (VAV2, VAV3), were also downregulated in these patients (28) . The miRNA signature associated with CEBPA mutations comprised 15 miRNA probes that were upregulated, among them eight miRNA probes corresponding to members of the miR-181 family, which is involved in erythroid and lymphoid differentiation. In contrast, no hematopoietic function is known so far for the two miRNAs (miR-194 and miR-34a), which were suppressed in patients with CEBPA mutations.
There is a predominant CEBPA mutation pattern in AML patients, with the majority of AML patients having more than one CEBPA mutation (20, 23) . The most frequent scenario is the combination of an N-terminal frame-shift mutation and a C-terminal in-frame mutation, with the two mutations typically being located on different alleles. This may have implications for our understanding why additional genetic abnormalities are rarely observed in AML patients with CEBPA mutations, because the most frequent "second" genomic abnormality in such patients is an additional CEBPA mutation. Because both main types of mutation can occur as sole abnormality at diagnosis, these observations indicate that CEBPA mutations might predispose to the occurrence of an additional CEBPA mutation, ultimately inducing AML.
All studies so far indicated that AML patients with CEBPA mutations enjoy a favorable clinical outcome (20) (21) (22) (23) . Why CEBPA mutations confer good prognosis remains unclear. Interestingly, it was recently suggested that only patients with double CEBPA mutations have favorable clinical outcome, whereas single CEB-PA mutations did not differ from CEBPA wild-type patients (29) . However, the groups were small (28 CEBPA double-mut versus 13 CEBPA single-mut patients); forthcoming data from other cohorts are necessary to appreciate the significance of this finding. The putative discrepancy in outcome between CEBPA double-mut and CEBPA single-mut patients may be explained by the concept that the decrease in CEBPA function mediated by mutation in a single allele may not be sufficient to initiate AML, thus requiring additional mutational events. Whereas it was suggested that CEBPA single-mut patients have some tendency toward more FLT3-ITD and NPM1 mutations, this clearly needs to be investigated in larger cohorts (29) . Because the ratio of p30/p42 CEBPA peptides is different in leukemic cells with single versus double CEBPA mutations, it is less surprising that distinctive gene expression profiles have been reported for CEBPA double-mut and CEBPA single-mut AML patients (29) . Inherited AML is a rare event. Several families have been reported in whom members affected by AML carried germline heterozygous CEBPA mutations (30) (31) (32) (33) (34) . The type of the germline CEBPA mutation was an N-terminal out-of-frame mutation leading to the preferential production of the 30-kDa dominantnegative isoform. These observations suggest that a substantial decrease in CEBPA function renders a predisposition to AML in these patients. Intriguingly, most of the affected members in the families had an additional C-terminal in-frame CEBPA mutation on separate alleles at diagnosis of AML. The C-terminal mutation disappeared upon remission (32, 33) . This suggests that the germline N-terminal CEBPA mutation predisposed to the occurrence of a somatic C-terminal CEBPA mutation, ultimately inducing AML after a long latency period.
However, not all carriers of a germline N-terminal CEBPA mutation developed a second CEBPA mutation at diagnosis. Despite extensive molecular analysis, no additional mutations were detected so far in most of these normal karyotype AML patients with a single germline CEBPA mutation. This finding would argue in favor of a straightforward mechanism underlying the accumulation of immature myeloid precursors in the presence of a disabling N-terminal mutation of the CEBPA gene in those patients. Thus, the ultimate relationship between germline CEBPA mutation and the development of overt leukemia remains to be clarified.
Besides genomic mutations, dysregulated expression can disrupt the function of transcription factors crucial for normal hematopoiesis. Indeed, the presence of the AML1-ETO fusion protein, encoded by the t(8;21) translocation commonly found in AML patients of the M1 or M2 subtype, suppresses CEBPA mRNA expression through inhibition of autoregulation (35) . Interestingly, other leukemic fusion proteins involving core binding factor (CBF) family members, such as the AML1-MDS1-EVI1 fusion in t(3;21) AML or the CBFB-MYH11 fusion in inv(16) AML, have not been shown to suppress CEBPA mRNA indicating an AML1-ETO specific effect on CEBPA transcriptional control (35) (36) (37) .
In patients with severe congenital neutropenia (SCN), the lymphoid enhancer-binding factor (LEF-1) is suppressed in myeloid cells exhibiting a differentiation block of myelopoiesis at the promyelocytic stage (38) . LEF-1 is a member of the Wnt signaling pathway, performing its function in complexes with β-catenin. One of the unique features of LEF-1 is to regulate target gene expression by DNA bending and helical phasing of transcription-binding sites, acting as an architectural transcription factor. Accordingly, LEF-1 was found to activate the CEBPA promoter, and reconstitution of LEF-1 in early hematopoietic progenitors of SCN patients restored CEBPA expression and corrected the defective myelopoiesis, identifying LEF-1 as a key regulator of myelopoiesis (38) . Whether this mechanism is involved in subsets of AML has not been reported yet.
Finally, hypermethylation of the CEBPA promoter was first reported preferentially in AML-M2 patients (39) . Recently, a small subgroup of patients was defined exhibiting a gene expression profile resembling that of AML patients with CEBPA mutations, while lacking such mutations (28, 40, 41) . The CEBPA gene was found to be silenced by promoter hypermethylation, and these leukemias exhibited a mixed myeloid/ T-lymphoid immunophenotype and frequent NOTCH1 mutations. The Tribbles homolog (TRIB2), a downstream effector of the NOTCH1 pathway, was induced in some of these leukemias. Remarkably, forced expression of TRIB2 altered the p30/p42 CEBPA ratio in favor of the oncogenic 30-kDa form. Moreover, activated TRIB2 blocked the CEBPA 42-kDa wildtype protein by physical interaction, resulting in the proteasomal-dependent degradation of CEBPA. Besides, a systematic analysis of leukemic cells of AML patients investigating changes of the CEBPA isoform ratio has not been reported so far, most likely because of the usual limitation of clinical material needed for such an analysis.
Members of the CEBP transcription factor family can be targeted by IGH-translocations in B-cell precursor acute lymphoblastic leukemia (B-ALL) (refs. 42, 43) . Importantly, such translocations resulted in overexpression of affected CEBPs, including translocation t(14;19)(q32;q13) involving CEBPA. This result indicates that not only loss, but also gain of function of CEBPA has leukemogenic potential.
Regulating the rate of translation of specific mRNAs is an efficient mechanism of oncogenic proteins to modulate the levels of target proteins. Such a mechanism was shown for CEBPA in AML with t(3;21) and inv (16) : The RNA-binding protein calreticulin was found to be activated in cells of such AML patients, and calreticulin protein interacts with GCN repeats within CEB-PA (and CEBPB) mRNAs, thereby efficiently blocking translation of CEBP proteins (36, 37, 44) .
The activity of the CEBPA protein in human AML is further affected by a rapidly growing list of various mechanisms. Phosphorylation of CEBPA at serine 21 is mediated by extracellular signal-regulated kinases 1 and/or 2 (ERK1/2), which recognize serine 21 of CEBPA as a substrate through an FXFP-docking motif (45) . This phosphorylation induces a conformational change in CEBPA, such that the transactivation domains of two CEBPA molecules within a dimer move farther apart. Activation of the fms-like tyrosine kinase 3 (FLT3) in human AML seems to block the phosphorylation of CEBPA at serine 21, which may explain the differentiation block of blasts in leukemias with activated FLT3 (46) . Finally, sumoylation of wild-type CEBPA protein by Ubc9 activation has been shown to impair CEBPA function (47) .
Additional post-translational mechanisms of CEBPA modulation remain to be investigated in human AML, such as whether the composition of heterodimers with other CEBP family members is altered in AML (48) . Also, the impact of repressors of CEBPA activity, such as CA150, has to be tested in AML as well as the role of CEBPA acetylation or changes in subcellular localization during malignant transformation (49) (50) (51) .
Finally, there is evidence that suppressed CEBP activity is involved in the differentiation block of patients with acute promyelocytic leukemia (APL/AML-M3) characterized by the presence of the PML-RARA fusion protein. Conditional induction of PML-RARA in myeloid U937 cells decreases CEBPA activity (52) . In vivo, enhanced expression of CEBPA in PML-RARA transgenic mice prolongs survival of such animals (53). All-trans retinoic acid (ATRA) treatment of patients with APL induces CEBPB, CEBPE, and, to a lesser extent, CEBPA mRNA expression (54) . ATRA-induced activation of CEBPB then leads to induction of PU.1, and thereby downstream effectors (54) .
Dysregulated transcription factor activity and leukemia therapy. At the molecular level, AML is increasingly recognized as a very heterogeneous cancer. The observation of recurring mutations in genes encoding differentiation-inducing transcription factors in AML patients has allowed the identification of new subgroups in AML, thereby contributing to a more risk-adapted therapeutic approach.
Historically, the potential for differentiating therapy to improve cure rates in AML is exemplified by the use of ATRA for the treatment of APL (55) . ATRA treatment is leading to a degradation of the PML-RARA fusion product, to the release of corepressors, restoration of normal regulation of RARA-responsive gens, and hence terminal differentiation of APL cells. The degradation of PML-RARA also indicates a common pathway, in which the mechanisms of action of ATRA converge on those with arsenic trioxide (ATO). At low concentrations, ATO induced partial morphologic differentiation, whereas at high concentrations, apoptosis induction prevailed in APL cells (56) . In addition, much interest was historically focusing on vitamin D compounds. Although 1,25(OH)2D3 induced partial differentiation of hematopoietic blasts in some AML patients, clinical responses were modest, with hypercalcemia being a prominent limiting factor.
In the past 30 years, the interrogational power of molecular methods to study AML has greatly expanded. For clinicians, this increasingly contrasts to current concepts of conventional chemotherapy still being applied as standard treatment for the vast majority of AML patients. The difficulties of developing drugs that precisely modulate specific transcription factors and of bringing them to the targeted cells remain the challenges for the development of novel therapeutic concepts targeting correction of transcription factor activities. The capacity of CEBPA to overcome the block of differentiation in AML blasts makes it an obvious target of interest for any differentiation-inducing therapy. Fusion peptides (such as TAT or VP22) facilitating the entry into the cells, as well as lentiviral vectors, may be valuable tools for such an approach (57, 58) . Unfortunately, exogenous restoration of a nuclear transcription factor remains a significant technical challenge.
A more promising approach seems to be the activation of the CEBPA-differentiation pathway through small molecules modulating the expression of CEBPA mRNA or protein. In fact, MAP/ERK kinase (MEK) inhibitors block serine-21 phosphorylation of CEBPA, which increases the granulocytic differentiation potential of the CEBPA protein (46) . Interestingly, FLT3 tyrosine kinase inhibitors also dephosphorylate serine-21 CEB-PA (46) . In addition, CEBPA translation can be efficiently induced by 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid (CDDO), which alters the p42/p30 ratio of the CEBPA isoforms in favor of the full-length form thereby inducing granulocytic differentiation (59) . Finally, the results of high-throughput studies are long awaited, thereby screening large collections of small molecules in order to identify compounds with the potential to restore CEBPA function. However, differentiation therapy targeting restoration of CEBPA function requires further study before clinical application.
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